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Edited by Hans EklundAbstract Aldo-keto reductases of family 2 employ single site
replacement Lysﬁ Arg to switch their cosubstrate preference
from NADPH to NADH. X-ray crystal structures of Lys-
274ﬁ Arg mutant of Candida tenuis xylose reductase
(AKR2B5) bound to NAD+ and NADP+ were determined at a
resolution of 2.4 and 2.3 A˚, respectively. Due to steric conﬂicts
in the NADP+-bound form, the arginine side chain must rotate
away from the position of the original lysine side chain, thereby
disrupting a network of direct and water-mediated interactions
between Glu-227, Lys-274 and the cofactor 2 0-phosphate and
3 0-hydroxy groups. Because anchoring contacts of its Glu-227
are lost, the coenzyme-enfolding loop that becomes ordered upon
binding of NAD(P)+ in the wild-type remains partly disordered
in the NADP+-bound mutant. The results delineate a catalytic
reaction proﬁle for the mutant in comparison to wild-type.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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There is a fundamental distinction between NADH and
NADPH in metabolic pathways. NADH is the reductant
in catabolic reactions, whereas NADPH generally provides
reducing power for biosynthesis. Therefore, most nicotin-
amide cofactor-dependent enzymes are speciﬁc for either
NADH or NADPH. Xylose reductase (XR) from the yeast
Candida tenuis is a dual speciﬁc NADPH- and NADH-
dependent enzyme that converts D-xylose into xylitol [1].
The xylitol is oxidized to yield D-xylulose which in turn is
phosphorylated and enters the pentose phosphate pathway
(PPP) as D-xylulose 5-phosphate. The PPP is a main source
of NADPH and supplies intermediates for energy produc-
tion and biosynthesis [2]. The co-substrate selectivity of the
XR probably reﬂects the capacity of the PPP to regenerateAbbreviations:AKR, aldo-keto reductase;XR, xylose reductase;CpXR;
Candida parapsilosis XR; CtXR, Candida tenuis XR; PPP, pentose
phosphate pathway; r.m.s., root mean square
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doi:10.1016/j.febslet.2004.12.063the NADPH consumed by XR and the extent to which car-
bon from xylose partitions between catabolism and anabo-
lism in C. tenuis physiology.
Based on sequence homology, C. tenuis XR (CtXR) has
been classiﬁed into family 2 of the aldo-keto reductase
(AKR) superfamily of proteins and enzymes and is systemati-
cally identiﬁed as AKR2B5 [3]. Family 2 is unusual among the
14 AKR families currently recognized because it includes dual
speciﬁc NADPH/NADH-dependent reductases as well as
NADPH-speciﬁc enzymes. Crystal structures of wild-type
CtXR bound to NADP+ and NAD+ show that a conforma-
tional change of the side chain of Glu-227, to make strong
interactions with the 2 0-OH and 3 0-OH groups when the cofac-
tor 2 0-phosphate group is lacking, is most critical for utiliza-
tion of NADH [4,5]. Glu-227 of CtXR is widely conserved
among the dual speciﬁc AKRs of family 2.
The side chain of Lys-274 forms a strong hydrogen bond
with the 2 0-phosphate group and participates in a network of
water-mediated contacts with Glu-227 and the cofactor 3 0-hy-
droxyl group. In the NAD+-bound conformation, the side
chain of Lys-274 rotates away slightly and is re-directed to
hydrogen bond with solvent molecules. Recent results of muta-
tional studies [6] corroborate the structure-derived notion that
20-fold tighter binding of NADPH than NADH results
mainly from the interactions of Lys-274, which are speciﬁc
to the NADP complex. Lys-274 is conserved in all members
of family 2 except for XR from Candida parapsilosis which
shows a Lysﬁ Arg replacement and is the only natural XR
known to prefer NADH [7]. A K274R mutant of CtXR utilizes
NADH and NADPH with the same speciﬁcity, whereas the
wild-type prefers NADPH about 33-fold [6]. To provide a
molecular basis of how coenzyme selectivity in family 2 AKRs
is adjusted by the substitution of Lys-274 with Arg, we deter-
mined the X-ray crystal structures of the K274R mutant of
CtXR bound to NADP+ and NAD+.2. Materials and methods
2.1. Protein preparation and crystallization
All chemicals used were reported previously [6]. The puriﬁed K274R
mutant [6] was crystallized by using the hanging drop vapor diﬀusion
method at 25 C and a drop consisting of 1 ll well solution and 1 ll
protein solution (15 mg/ml) with 2.5 mM cofactor added. Crystals of
the NAD+-bound holoenzyme were obtained using a well solution of
2.0 M ammonium sulfate and 100 mM sodium citrate, pH 6.2, in the
presence of NADP+ the well solution contained additional 160 mMblished by Elsevier B.V. All rights reserved.
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took 2 and 4 months to grow, respectively, and had ﬁnal dimensions
of approximately 0.5 · 0.1 · 0.1 mm.
2.2. Data collection, structure determination and reﬁnement
The crystals were ﬂash-cooled in a 100 K nitrogen stream in a buﬀer
containing 80% (v/v) of the well solution, 5 mM coenzyme and 20% (v/
v) glycerol as cryo-protectant. Data were collected at the Stanford Syn-
chrotron Radiation Laboratory beamline 9-1 on a MAR Research 345
detector and were integrated and reduced using the programs DENZO
and SCALEPACK [8]. The data collection statistics along with the
respective space group and lattice constants are presented in Table 1.
Since the mutant enzyme unit cells were isomorphous with the wild-
type, rigid body reﬁnement using the program CNS [9] commenced
with the respective native structures stripped of NADP+ or NAD+
and water molecules as starting models (PDB-codes 1K8C and
1MI3). Before any reﬁnement was performed, 5% of the observed
reﬂections were ﬂagged for calculation of the free R-factor. The struc-
tures were reﬁned with CNS [9] and manually reﬁtted into the electron
density with the program O [10]. Many iterations of this cycle resulted
in the ﬁnal structures. Waters were automatically picked by CNS [9]
and manually checked for electron density and appropriate hydrogen
bonding. The statistics associated with the ﬁnal round of reﬁnement
are shown in Table 1.Table 1
Statistics for the crystal structures of CtXR K274R mutant bound to
NAD+ and NADP+
K274R-NAD+ K274R-NADP+
Data collection
Space group C2 C2
Unit cell dimensions
a (A˚) 182.83 180.01
b (A˚) 128.67 127.99
c (A˚) 80.10 80.07
b () 90.11 90.22
Overall temperature factors (A˚2)
Monomer A 31.4 27.0
Monomer B 25.7 25.3
Monomer C 29.9 25.1
Monomer D 21.6 21.6
Ramachandran plot [20]
Most favoured regions 90.3% 90.8%
Additional allowed regions 9.5% 9.1%
Generously allowed regions 0.2%
Disallowed regions 0.1%
Resolution range (A˚) 30–2.4 30–2.3
Rmerge (overall/high
resolution shella)
0.080/0.257 0.094/0.347
Completeness (overall/high
resolution shell a) (%)
96.2/95.4 99.7/98.8
Mosaicity () 0.96 0.62
I/r(I) (overall/high
resolution shella)
10.61/3.2 13.4/4.5
Reﬁnement
Rcryst 0.206 0.192
Rfree 0.256 0.229
r.m.s. deviation from
ideal bond length (A˚)
0.007 0.006
r.m.s. deviation from
ideal bond angle ()
1.3 1.3
aThe high resolution shell is 2.49–2.40 A˚ for the NAD+-bound and
2.38–2.30 A˚ for the NADP+-bound structure.2.3. Steady-state kinetic measurements
Initial rates of NADP+- and NAD+-dependent oxidations of xylitol
catalyzed by K274R were recorded spectrophotometrically (340 nm) at
25 C in 50 mM potassium phosphate buﬀer, pH 7.0. Xylitol was var-
ied in seven concentrations between 48 and 2400 mM, and NAD+ or
NADP+ was present at several constant concentrations between 1
and 300 lM. The concentration of K274R was approximately 3 lM
in all assays. NADP+-dependent wild-type rates were obtained under
identical conditions using similar reactant concentrations. Data ﬁtting
was performed as described elsewhere [6].3. Results and discussion
3.1. Kinetic consequences of replacing Lys-274 by arginine
Kinetic parameters of K274R-catalyzed oxidation of xylitol
by NAD+ and NADP+ are summarized in Table 2 along with
previously determined kinetic parameters of K274R for the
reduction of xylose by NADH and NADPH [6]. Table 2 also
shows the relevant wild-type parameters. For a comparison
of the wild-type and the mutant, the ratio of Ki values which
is a measure of the selectivity of binding is most informative.
In the wild-type, apparent binding of NADPH and NADP+
was about 19- and 39-fold tighter than binding of NADH
and NAD+, respectively. Ratios of Ki values for the K274R
mutant were 1.33 (=KiNADH/KiNADPH) and 7.3 (=KiNAD+/
KiNADP+). Therefore, replacement of Lys-274 by an arginine
caused a change in NADP versus NAD binding selectivity
for reduced and oxidized coenzymes by factors of 14 (=19/
1.33) and 5.3 (=39/7.3), respectively. Comparison of catalytic
eﬃciencies for reactions with NADP(H) and NAD(H), indi-
cated in Table 2, shows that the wild-type preferred NADPH
and NADP+ in the directions of xylose reduction (33-fold)
and xylitol oxidation (23-fold). The mutant displayed a slight
preference for reactions with NADH (1.5-fold) and NAD+
(2-fold). With the exception of kcat for NADPH-dependent
reduction of xylose (discussed later), turnover numbers of
K274R and wild-type were identical within experimental error.
In the absence of a catalytic reaction proﬁle for xylose reduc-
tion by CpXR, comparison of the literature data [7] and our
results must be qualitative. It indicates however that the Lys-
274ﬁ Arg replacement induced kinetic properties in the mu-
tant that most clearly distinguish the NADH-preferring CpXR
from CtXR wild-type. In CpXR and K274R, apparent binding
aﬃnity for NADH seems to be gained partly at the expense of
aﬃnity for NADPH; and the Km for xylose in the NADPH-
linked reaction is strongly increased, compared to CtXR.
3.2. Overall structures of K274R mutant
The K274R mutant bound to NADP+ or NAD+ folds into
the (b/a)8 barrel previously described for wild-type CtXR
[4,5]. There were four K274R molecules, two enzyme dimers,
within the respective crystallographical asymmetric units.
Numbering starts with 1 for the initiator methionine. Results
are summarized in Table 1.
3.3. Structure of K274R mutant bound to NAD+
The NAD+-bound structure of the mutant showed well-de-
ﬁned electron density around residues 4–322 predicted from
the protein and the NAD+ coenzyme molecules. A total of
681 ordered waters were observed in the ﬁnal structure of
K274R but none was placed at a position possibly important
for the enzyme function. The root mean square (r.m.s.) devia-
Table 2
Kinetic characterization of K274R mutant
Oxidation Reduction
NAD+ NADP+ NADH NADPH
KmA (lM) 8
a (27) 4a (9) 21 (38) 5a (3)
KiA (lM) 44
a (195) 6 (5b) 4c (19) 3d (1d)
kcat (s
1) 0.93 (1.07) 0.91 (0.79) 8 (11) 26 (13)
kcat/(KmBKiA)
e (s1 mM2) 0.113 (0.026) 0.062 (0.59) 37 (4) 24 (135)
The standard deviations (S.D.) were <15%, unless indicated: a<25%; b<30%; c<60%; and d<40%. Values in parentheses are for the wild-type [1,6],
except for the NADP+-dependent oxidation of xylitol (this work). kcat is the turnover number; KiA is the apparent coenzyme dissociation constant;
and KmA and KmB are the Michaelis constants for coenzyme and substrate, respectively;
ecatalytic eﬃciency.
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0.30 A˚, indicating that the four K274R monomers A–D in the
asymmetric unit were virtually identical. Since the overall tem-
perature factor for molecule D was the lowest, measurements
and conclusions in regard to speciﬁc atomic interactions were
drawn from it. All of the non-hydrogen atoms in the NAD+
were unambiguously observed in the ﬁnal unbiased electron
density map (Fig. 1A) with reﬁned B factors for individual
coenzyme atoms that ranged from 13 to 25 A˚2. Binding of
the NAD+ coenzyme to K274R occurred in a manner indistin-
guishable to that seen for the wild-type.
Like Lys-274 of wild-type CtXR, Arg-274 does not engage in
hydrogen bonding with NAD+ (Fig. 2A). Its guanidinium
group is P4.6 A˚ away from the adenosine 3 0-hydroxyl. Muta-
tion of Lys-274 did not cause signiﬁcant structural changes inFig. 1. Unbiased |Fo  Fc| electron densities contoured at 3.0 r of the cofacto
bound mutant enzyme (B). The maps were derived from the reﬁned models
Figures were generated with MOLSCRIPT [16], BOBSCRIPT [17] and RASand around (60.25 A˚) the active site. The signiﬁcant kinetic
consequences in the mutant regarding reactions with NADH
and NAD+ (see Table 2) must therefore reﬂect the ability of
CtXR to accommodate the site-speciﬁc replacement through
multiple conformational changes, which are too small to be
resolved in a structural comparison of the wild-type and the
mutant.
3.4. Structure of K274R mutant bound to NADP+
Superpositioning of the models showed that the largest devi-
ations occurred at the binding site of the adenosine moiety of
the coenzyme. In particular, monomers A and C were diﬀerent
from monomers B and D. The ﬁnal unbiased high-resolution
electron density maps revealed that NAD+ instead of NADP+
was present in both monomers B and D. We have no way ofr adenosine moiety and Arg-274 in the NAD+-bound (A) and NADP+-
with the atoms of NAD(P)+ and the side chain of Arg-274 removed.
TER3D [18].
Fig. 2. Stereoviews of overlap of NAD+-bound structures (A) and NADP+-bound structures (B) of wild-type (yellow) and K274R (blue), illustrating
the adenosine binding pocket. Hydrogen bonds are indicated as dashed lines and are shown for the mutant structures. The distances are given in A˚,
with wild-type values shown in parentheses. The overlays were made with the program EdPDB [19].
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version of NADP+ may have occurred during the long time
needed for crystallization. By contrast, the 2 0-phosphate group
of NADP+ was unambiguously observed in structures of
monomers A and C. The r.m.s. deviation of Ca values between
these two monomers in the asymmetric unit was 0.21 A˚. Of the
two, monomer C had the lower overall temperature factor and
therefore was chosen for further analysis. The ﬁnal structure of
CtXR K274R bound to NADP+ contained 760 ordered water
molecules. Important diﬀerences in interactions are noted
when the adenosine moiety and its 2 0-phosphate group is
examined and compared to what is observed in structures of
holo forms of the wild-type and the NAD+-bound structure
of K274R.
As in the wild-type apo enzyme [4], loop 7 was partly disor-
dered in the K274R mutant bound to NADP+. In the wild-
type, loop 7 becomes ordered upon binding of NADP+ and
is held in place by multiple interactions of Glu-227 and hydro-
gen bonds between Ser-224 and the juxtaposed Lys-25, which
is contributed by a short turn connecting b-strand 1 and a-
helix 1. The side chain of Glu-227 is part of a network of
water-mediated contacts that is centered around the side chain
of Lys-274 and also involves the 3 0-hydroxy group of NADP+.
The side chain of Lys-274 engages in a charged hydrogen bond
(2.68 A˚) with an oxygen of the 2 0-phosphate group. All the
interactions just discussed were disrupted in NADP+-bound
K274R, clearly because of steric conﬂicts for the bulky
arginine side chain. The conformation available to Arg-274
positions its guanidinium group 3.06 A˚ away from the 2 0-phos-
phate (Fig. 2B). The distance between the hydroxyl of Ser-275and the phosphate oxygen is longer in the NADP+-complex of
K274R (2.91 A˚) than in the same complex of the wild-type
(2.72 A˚). The backbone amide of Asn-276 is moved away
slightly from its position in the wild-type, thereby increasing
its original distance to the 2 0-phosphate (2.71 A˚) to a value
of 2.85 A˚. The distance between the phosphate oxygen and
the side chain of Arg-280 is however shortened signiﬁcantly
in the mutant complex (2.66 A˚) in comparison to the wild-type
complex (2.75 A˚). Summarizing, these observations suggest
that the binding selectivity NADP+ versus NAD+ will be de-
creased in the mutant in comparison to the wild-type, in good
agreement with the experimental ratios KiNAD+/KiNADP+ of 39
and 7.3 for wild-type and K274R, respectively. Interestingly,
KiNADP+ for K274R is not strongly increased, compared to
the wild-type value.
3.5. Conformational changes involved in coenzyme binding and
release
Previous structures of wild-type CtXR [4,5] have shown that
loop 7, which closes over the bound NAD(P)+ in the holoen-
zyme, must undergo a conformational change to enable release
of the coenzyme. The rearrangement of the loop from the
closed to the open position has been correlated with a kineti-
cally observed isomerization of the NAD+-bound enzyme,
which is the main rate-limiting step of NADH-dependent
reduction of xylose by wild-type CtXR [11]. Aside from the
contacts made by Glu-227, the interactions between the side
chains of Lys-25 and Ser-224 stabilize the closed conforma-
tion. In the NAD+-bound structure of the wild-type, the hy-
droxy group and backbone carbonyl oxygen of Ser-224 are
S. Leitgeb et al. / FEBS Letters 579 (2005) 763–767 7672.56 and 2.78 A˚, respectively, away from the e-amino group of
Lys-25. The corresponding distances in K274R bound to
NAD+ are similar and 2.91 and 2.66 A˚, respectively. An over-
lay of the structures revealed the side chains of Lys-25 and
‘Ser-224 to be almost superimposable in the two enzymes.
These results suggest that the NAD+ release rates should be
similar for reactions catalyzed by K274R and the wild-type,
in accordance with experimental turnover numbers for
NADH-dependent reduction of xylose.
The disorder seen in loop 7 in the NADP+-bound structure
of K274R implies that the interactions between Lys-25 and
Ser-224 are lost in this complex. The inability of K274R to an-
chor the coenzyme-enfolding loop in the closed position when
NADP+ is bound should lead to a faster net rate of NADP+
release in the mutant, compared to wild-type. This explains
the unusually high kcat for NADPH-dependent reduction of
xylose by K274R. Also consistent with the proposed scenario,
the turnover numbers for xylitol oxidation by wild-type and
the mutant are identical, irrespective of whether NAD+ or
NADP+ is used as a coenzyme. Because hydride transfer is
the rate-limiting step of xylitol conversion by the wild-type
[11], one does not expect that the kcat changes in that direction
as a result of the mutation, considering that replacement Lys-
274ﬁ Arg aﬀects mainly the steps leading to and from the bin-
ary complexes.
Summarizing, this work provides a molecular basis of how
the naturally occurring replacement Lys-274ﬁ Arg alters
the coenzyme selectivity of family 2 AKRs towards im-
proved acceptance of NADH, relative to NADPH. Lys-274
is positionally conserved across 5 of the current 14 AKR
families, and several AKR structures outside family 2 con-
ﬁrm that the function of Lys-274 in hydrogen bonding with
the co-substrate 2 0-phosphate group is also conserved [12–
15]. Therefore, this underscores the general relevance of
our ﬁndings.
The coordinates for the K274R mutant bound to NAD+ and
NADP+ have been deposited into the Protein Data Bank un-
der the ID codes 1YE4 and 1YE6, respectively.
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